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INTRODUCTION. 


AMID the stress of the present world upheaval another centenary has 
passed almost unnoticed, namely, that of the award of the Copley Medal 
by the Royal Society in 1841 to Dr. G. 5. Ohm ®) in recognition of his 
arduous labours directed toward the elucidation of the mechanism of the 
electric circuit. Though Ohm’s experimental discovery of the well- 
known law (1826) and his subsequent theoretical treatment (1827) ® 
have been remembered), the vast field of modern electrical technology 
has left little place for that important historical document which first 
founded a practical technique worthy of the great and simple truth 
which Ohm had revealed ; Sir Charles Wheatstone’s lecture of 1843, 
about which I now write, makes in its generous appreciation of Ohm a 
suitable means of remembrance of the Copley award to this patient 
Bavarian investigator, and through its completeness, directness and 
simplicity affords perhaps a worthier focus for a centenary paper. It 
is proposed to review some of its more important physical aspects in 
their historical relationship. 


* Communicated by Professor F. H. Newman, 
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Toe Aim or THE RESEARCHES. 


Wheatstone wrote (§1) @ :— 

“ I intend in the present communication to give an account of various 
instruments and processes which I have devised and employed during 
several years past for the purpose of investigating the laws of electric 
currents, The practical object to which my attention has been 
principally directed, and for which these instruments were originally 
constructed, was to ascertain the most advantageous conditions for the 
production of electric effects through circuits of great extent, in order 
to determine the practicability of communicating signals by means of 
electric currents to more considerable distances than had hitherto been 
attempted ” ), 


ACKNOWLEDGMENT TO G. S. OHM. 


“ In this endeavour, guided by the theory of Ohm and assisted by the 
instruments I am about to describe, I have completely succeeded. ... 
The theory we now possess is amply sufficient to direct us rightly in this 
inquiry, but experiments have not yet been sufficiently multiplied to 
enable us to obtain, except in a few cases the numerical values of 
the constants which enter into various voltaic circuits; and without 
this knowledge we can arrive at no accurate conclusions.” 


Sir Charles Wheatsone (1802-1875) greatly admired the work of G. S. 
Ohm (1789-1854), and perceiving that there was an urgent need for 
accurate practical measurement of resistance (an aspect which Ohm’s 
researches had left largely unexplored) he applied his extraordinary 
experimental skill to a method which would be independent of fluctuation 
of emf. of batteries“). This improvement of methods of resistance 
measurement resulted largely from the work of those investigators 
dealing with the telegraph, of whom Wheatstone was one. He wrote 
further (§ 2) :— 


“The instruments and processes I am about to describe being all 
founded on the principles established by Ohm in his theory of the voltaic 
circuit, and this beautiful and comprehensive theory being not yet 
generally understood and admitted, even by many persons engaged in 
original research “2, I could scarcely hope to make my descriptions and 
explanations understood without prefacing them with a short account 
of the principal results which have been deduced from it.” 


THE Dara. 


(1) Of these results were the removal of the vague terms intensity and 
quantity 9%) and the reduction of the findings of many investigators in 
all parts of Europe to a few simple and general formule. 


(2) “ The electromotive force E is the agent which in a closed circuit 
originates electric current and in an open circuit produces ‘ electroscopig 
3E2 
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tension’); the resistance R is numerically equal to the reciprocal of 
the ‘ conducting power ` which term it supersedes in clarity” 45 


(3) “ When the activity of any portion of the circuit is increased or 
diminished, either by a change in the electromotive force or in the 
resistance of that portion, the activity of all the other parts of the circuit 
increases or decreases in a corresponding degree, so that the same quantity 
of electricity always passes in the same instant of time through every 
transverse section of the circuit.” 


(4) Wheatstone still found it useful to refer to the concept of reduced 
length—that length of copper wire of a given uniform diameter, the 
resistance of which was equivalent to the sum of the resistances in the 
cireuit—Ohm being the originator of this concept. For a circuit of two 
parts of reduced lengths A, à! connected in parallel. their combined 

: AAL 
resistance may be represented as FEN 

(5) Sources of electric action differ only in the magnitude of their 
electromotive forces and their effect is modified solely by the resistance 


of the circuit. 


(6) The electromotive force of any voltaic element depends not upon 
its dimensions but solely upon the nature of the metals and liquids in 
contact. 


(7) On the above basis, Wheatstone stated the general law 


nE 
"aR 
S 8 
where F =“ the force ” of the current, 
n =athe number of elements in series, each of electromotive force E, 
R =the specific resistance of the liquid in each element, 
D =the thickness of the liquid stratum between the plates, 
S=the cross-sectional area of each plate in contact with the 
liquid, 
r=the specific resistance of the connecting wire, of length 7? and 
cross-sectional area s. 


The above was -the fullest and most precise statement made on the 
electric circuit previous to 1845 78, 


Tue Use or THE RHEOSTAT. 


Wheatstone’s rheostat marked a great step forward in experimental 
technique by enabling a current to be maintained constant when fluc- 
tuations in electromotive force occurred; this latter factor had been 
mainly responsible for the tardy acceptance of Ohm’s Law in scientific 
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cireles “7, Researches previously carried out with electric circuits 
depended for their accuracy upon the measurement of current through 
a galvanometer, e.g. “ Fechner “® measured the force of the current 
by the number of oscillations of the needle when placed at right angles 
to the coils, a very tedious operation; and others have employed the 
deviations of the needle, the corresponding degrees of force having been 
previously determined by some peculiar process, or inferred from some 
rule depending on the particular construction of the instrument. Another 
impediment to the use of a galvanometer to measure the force of a current 
arises from the changes in the magnetic intensity of the needle, which 
frequently occur, especially when it has been acted upon by too strong 
a current.” (§ 4.) 


The principle of the method used earlier by Fechner“, by Lenz, 
and by Pouillet °° was demonstrated by Wheatstone thus :— 


For a simple circuit F = = 


Interpose a further resistance R+, when “the force of the current ” 
becomes 


E 
i 
= RARU 
i ; F R+R! 
T'herefore, D Ty 


By using a rheostat capable of different low resistance values, Wheat- 
stone removed the diffculty of knowing exactly the forces corresponding 
to different deviations of the needle. A similar instrument for low- 
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resistance circuits-—-the agometer—had been conceived by Jacobi in 
1840, For high-resistance circuits Wheatstone used resistance coils 3) 
Two circuit arrangements by Wheatstone are shown in figs. 1 and 2. 


A PRACTICAL STANDARD OF RESISTANCE. 


Pursuing Ohm’s original concept of reduced length, Wheatstone used 
a practical standard of 1 ft. of copper wire weighing 100 grains. Length 
and weight were chosen because small changes in diameter produce 
considerable changes of resistance). The absolute system of Gauss 
was in existence (25, but its extension to include an absolute unit of 
resistance came with Wilhelm Weber (°°, Wheatstone’s interests were 


Fig. 2. 


H 2 i ` É E INCHES 


Two circuits used by Wheatstone, one “ hydro-electric,” 
the other thermo-electric. 


A. Rheostats. D. Resistance coils. 


essentially practical and there is no indication that he ever thought of 
anything of an absolute nature. In common with the majority of his 
contemporaries he failed even to give a name to the units in which he 
expressed electromotive force, current and resistance °, 


DETERMINATION OF RESISTANCE IN A CIRCUIT. 


1. Resistance Determined by the Method of Substitution. 


In a given electric circuit, replace the unknown resistance R by a 
suitably adjusted rheostat in order to produce the same deflexion @ in 
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the galvanometer Then R equals the resistance of that portion of the 
rheostat interposed. 


2. Resistance of a Galvanometer Coil. 

Place a cell of electromotive force E and internal resistance 7, a gal- 
vanometer of resistance G, and a known resistance R in series. 
O E 
~ R+G+r' 
The same current (represented by the same galvanometer deflexion) is 
now obtained by adding a further, identical cell and increasing the 
resistance by the necessary amount à by interposing the rheostat. 


The current 


2E 
e curren RiGLortA 
These expressions lead to 
G=A—-R. 


3. Internal Resistance of a Cell in terms of Reduced Length. 


Six methods, based upon Ohm’s Law, are given; Wheatstone’s fifth 
method is outlined below :— 

Two identical cells are in series with an external resistance. Using 
the notation already adopted. 
o 2 
~ R+2r' 

Now put the cells “side by side” (i.e. in parallel) and introduce 
resistance À by means of the rheostat in order to give the same galvano- 
meter deflexion. 


The current 


E 
h t E E 
The curren RENJA 
Hence r=R-+2A. 


In these researches Wheatstone admirably demonstrates the value of 
the null method. Classical researches in physics invariably show that 
a theory is commendable in virtue of its simplifying assumptions, and 
Wheatstone, with his “ exactly equal rheomotors ” @), has this same 
idealism of approach. A recent writer has criticised this outlook (°°). 


EVALUATION OF ELECTROMOTIVE FORCE. 


“ The rheostat affords a most ready means of ascertaining the sum of 
the electromotive forces active in a voltaic circuit, without requiring 
for this purpose the aid of a rheometer (galvanometer) graduated to 
indicate proportional forces, or having recourse to the tedious process 
of counting the oscillations of a needle, employed by Fechner in his 
investigations.” (§ 10.) 

With a single cell of electromotive force E and a total resistance of R 
in the circuit, find the extra resistance A to be introduced to reduce the 
galvanometer deflexion from 45° to 40°. 
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Next, with other cells of total electromotive force nE and the same 
external circuit, find the resistance A’ to be introduced by means of the 
rheostat (and resistance coils if required) in order to produce the same 
change in deflexion, 45° to 40°. 

Then, in principle, 

E 7nE nE 
RFA ”R-+ndA nR+Al’ 


Whence X =nà. Knowing the ratio nA: A, the ratio nE : E also follows. 
Using this method Wheatstone demonstrated experimentally that 


(1) the electromotive force of a cell is independent of its dimensions 
and is determined solely by the nature of the chemicals. 


(2) n elements of electromotive force È are equivalent when in series 
to a total electromotive force of nE. 


+ 


(3) the “ contrary electromotive force ” introduced into a circuit by 
a voltameter can be measured, using a rheostat: “ The measure of this 
contrary electromotive force is obtained by subtracting the actual number 
of turns from the number of turns corresponding with the electromotive 
force of the circuit when the decomposing cell is removed from it.” (§ 11.) 


Wheatstone’s work on electromotive force was extended by Lenz and 
Saweljew (39, 


Tue Resistance oF Liquips. 


Wheatstone laid important foundations in this study. One of his 
methods involved the use of a column of the liquid in a glass tube “ about 
two inches long and half an inch in internal diameter °” and having one 
fixed and one movable platinum plate :—‘‘I interpose in the circuit a 
small constant battery, consisting of about three elements, with the 
rheostat, the resistance coils, the galvanometer, and the measuring tube 
just described. The end of the piston being a quarter of an inch distant 
from the ‘fixed plate, I fill the intervening space with the liquid, the 
resistance of which is to be measured. I then adjust the rheostat to 
bring the needle of the galvanometer to a determined point ; this having 
been noted, I draw the piston back through the entire remaining space 
of one inch, and fill the vacancy with the same liquid; the needle will 
recede towards zero. I then diminish the resistance of the circuit by 
means of the rheostat and the resistance coils, until the needle stands 
at the same point that it did when only a quarter of an inch of the liquid 
column was interposed. The reduced length of the wire thus taken out 
of the circuit will be the measure of the resistance of one inch of the 
liquid. The contrary electromotive force arising from the decomposition 
of the liquid exists in the circuit during the whole process, and therefore 
does not affect the result.” (§ 14.) 

For a circuit represented mathematically by F=E/R before inter- 
E—e 
Raya 


position of liquid, the resulting moditied current F? is given by 
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where e=the contrary electromotive force of the liquid and 2 its 
resistance. 
Tue WuHEATSTONE BRIDGE. 


We now come to that part of Wheatstone’s work which perpetuates 
his name in every textbook of electricity, namely, the invention of “ the 
differential resistance measurer ” @0. 

Wheatstone noted that the rheostat was inapplicable when small 
differences of resistance. were to be measured, and further, pointed out 
that Becquerel’s differential galvanometer °) was difficult to construct 
in practice such that currents of equal energy in the two coils would 


o ? z a + 5 E INCHES 


Two types of resistance bridge used by Wheatstone. 


produce exactly zero deflexion in the needle. An attempt was therefore 
made to construct a differential instrument having all the advantages 
of Becquerel’s galvanometer but none of its defects. Wheatstone’s 
arrangement also proved to be applicable to any galvanometer. 

In the first form of bridge (see fig. 3) four identical copper wires Zb, 
Za, Ca, Cb, are arranged upon a board such that a cell may be connected 
from Z to C, and the galvanometer from a to b. The equilibrium of the 
system is independent of the current (or any fluctuation in it) produced 
by the cell because equal currents always proceed through the galvano- 
meter in opposite senses. This is due to the precisely equal circuits 
LZhaCZ and ZabCZ. 
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For the purpose of interposing a known measuring resistance and a 
resistance whose value is required the wires Zb, Cb are broken from c 
to d, and from e to f. Thus the disturbance of equilibrium produced by 
introduction of the unknown resistance can be removed by the introduc- 
tion of an equal measuring resistance (part of the rheostat known in 
terms of reduced length). 

The second form (fig. 4), has a movable metal arm m able to rest on 
the wire at a desired point. This form was made more convenient by 
Kirchhoff, who introduced a uniform platinum wire, a movable 
contact, and a triangular lay-out; the subsequent long, rectangular 
form was due to Siemens. 


OBSERVATIONS RELATING TO GALVANOMETERS 4), 


1. Wheatstone investigated the influence of the resistance of a gal- 
vanometer coil upon the circuit into which it is introduced and developed 
the theory of the shunt (§ 15). 


2. By the theory of branched circuits established by Ohm, Wheatstone 
found the practical means of ascertaining what division of a galvanometer 
scale indicates half the current value corresponding to another given 
reading. In this way, a galvanometer scale may be calibrated, and 
desired fractions of the main current may be passed through the 
instrument (§ 18). 


3. In § 19 a process of calibration, which superseded those of Nobili 65, 
Melloni 6®, and Becquerel 6, was set down :— 


(i) Determine the total resistance of the circuit when the needle 
reads 1°. 


(ii) By means of the rheostat and resistance coils reduce the resistance 
to one half. Then the “ force of the current ” will be doubled. 


(ii) Continue to reduce the resistance to one-third, one-quarter, ete., 
and the corresponding “force of the current ’’ will be three, 
four, etc. 


(iv) In general, if reduced lengths a, b, c, etc., must be removed from 
the circuit in order to advance the deflexion by 1° at each 
step, then the forces corresponding to each successive degree 
are 

1 1 1 


1 
R’ R—a’ R- atb naung 


CONCLUDING REMARKS. 


(1) The electrical researches of G. S. Ohm had not received unanimous 
support because succeeding investigators had not all been able to verify 
Ohm’s Law with certainty. They had used cells (with consequent 
difficulties due to polarization) whereas Ohm had used thermoelectric 
clements. Nor were methods for current measurement and current 
regulation sufliciently reliable. The rheostat of Wheatstone and his 
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knowledge of galvanometry enabled accurate practical researches based 
on Ohm’s Law to be made, and laid a basis for D.C. technology. 


(2) Wheatstone made the first really clear statement in English of 
Ohm’s Law and its associated definitions %*, The effect of resistance 
and the factors determining electromotive force are explicitly stated, 
and the behaviour of a circuit containing liquid is expressed mathematically 
for the first time. 


(3) The advances made by Wheatstone were essentially those of 
practical technique. His work suggested no generality respecting 
ranched circuits, nor any absolute standard of reference in resistance 
measurement. The value of null methods in galvanometry was stressed. 


(4) Wheatstone’s Bakerian Lecture was reproduced in Poggendorff’s 
Annalen (vol. lxii., pp. 499-543 (1844)), and his work had its influence 
upon contemporary physicists on the Continent, in particular on 
Professor M. Jacobi at St. Petersburgh, and his countrymen Lenz and 
Saweljew. The place of Wheatstone’s work in the complete historical 
development of Ohm’s Law has been treated elsewhere ©). 


In conelusion, I thank Professor F. H. Newman, Vice-Principal of 
University College, Exeter, whose help and encouragement I much 
appreciate ; also Miss K. E. Perrin, Acting Librarian of the same College. 
who has kindly permitted to me very free use of the Library’s facilities, 
and Mr. A. J. Ansley, to whom I am further indebted. 
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